Abstract. Black hole production in high-energy collisions is briefly surveyed. Included is a summary of recent developments and open problems relevant to collider (LHC) production, as well as of some theoretical issues pointing towards fundamental principles of quantum gravity.
INTRODUCTION
Black hole production may be the most spectacular physics at future colliders, perhaps even beginning with the 2008 startup of the LHC. And even if it is not phenomenologically accessible in the near future, it raises some very profound theoretical issues. This talk will present a summary and update on some of the physics of black hole creation at high energies. 2 The basic idea is that once we reach collision energies exceeding the Planck mass, which we denote M D , collisions of particles can form black holes. The Planck mass is traditionally expected to be of order 10 19 GeV, but in TeV-scale gravity scenarios the Planck mass could be lowered to the accessible energy ∼ 1 TeV. Possible realizations of TeV-scale gravity include large extra dimensions [4, 5] and large warping [6, 7, 8] . If the D-dimensional metric is of the general warped form, 
where y m are coordinates for the extra dimensions and e 2A is the warp factor, the basic relation between the four-dimensional Planck scale and the D-dimensional Planck scale is
If the integral on the RHS of the equation, called the "warped volume," is large, this can yield the measured four-dimensional gravitational constant with an M D significantly below 10 19 GeV . In the large extra dimensions case, this is readily understood as due to dilution of the field lines in the extra dimensions. One must supplement this picture with a brane-world scenario in order that the ordinary gauge forces behave four-dimensionally. Many such scenarios are being investigated, in string theory and elsewhere.
Once it became clear that the true Planck scale could be as low as a TeV, it was obvious that black hole production could take place at this scale. Early discussions of this in large extra dimension scenarios and warped scenarios are [9, 10] respectively.
Some features of such black hole production -and its precursor physics at the Planck scale -are highly dependent on the detailed model of the extra dimensional spacetime and brane-world realization of gauge forces and matter. However, there are certain features which are fairly model independent and "generic." Typically these dominate in an expansion in M D /E, where E is the collision energy. This discussion will focus on such generic features.
To describe the collider phenomenology of such black holes, one must understand their production and decay. Many details of both were investigated in the papers [11, 12] , where it was in particular found that black hole production could be both prolific and have outstanding signatures. After formation, a black hole decays in several phases [11] , termed balding, spindown, Schwarzschild, and Planck. This paper will summarize these basic stages, and indicate improvements in understanding since these original papers. Some parts of the story that are still missing are also indicated.
FORMATION
In a collision at energies E ≫ M D , one believes that many features of quantum gravity are adequately summarized by classical physics, with subleading effects suppressed by powers of M D /E. (For more discussion see [13, 14, 15, 16] and references therein.) Classical production of black holes at high-energies was first studied by Penrose, who in unpublished work [17] showed that a collision at zero impact parameter forms a closed-trapped surface. The "area theorem" of general relativity then implies that this corresponds to formation of a true black hole. A more general construction for non-zero impact parameter and general dimension was later found in [18] , which confirmed the expectation [19] that black holes would form out to impact parameters comparable to the Schwarzschild radius,
(
] is the volume of the unit (D − 2)-sphere.) An important observation is that the trapped surface forms before the particles actually collide. This is because the incident particles travel at essentially the speed of light, so that they can enter into a region smaller than R S before any signal of their arrival deforms the geometry in this region. Thus, the trapped surface construction of [17, 18] can be made entirely in the well-understood pre-collision geometry, which consists of two Aichelburg-Sexl solutions. This construction then yields important features of production. Existence of a maximum impact parameter b ∼ R S implies a cross section
Moreover, the area theorem states that classically the horizon area of the ultimate black hole must be greater than that of the original trapped surface, giving a lower bound on the mass of the black hole. The construction of [18] explicitly yields the trapped surface in D = 4, but numerical calculation of its shape had to be performed in the important work [20] , which then yielded more precise results for maximum impact parameters and lower bounds on black hole masses. Another advance was the realization [21] that pushing the trapped surface construction as far into the future of the collision as possible before losing control of the dynamics yields modest improvements on the estimate of the cross section and a slight improvement on the lower bound on the mass. In the context of hadron colliders, the cross section (4) is the parton-level cross section, and parton distribution functions must be folded in to get production rates. This question will be further discussed shortly, in the section on experimental expectations. Some remaining uncertainties in production include the claim that charge effects can reduce cross sections [22] , as well as the fact that at LHC one doesn't really expect to be fully in the asymptotic regime E ≫ M D , so many other effects dependent on the detailed brane/standard model construction could make important corrections. Improved understanding of these questions is needed.
DECAY
Balding phase. When first formed, the black hole is very asymmetrical -both its gravitational and other fields have very high multipole moments. However, a stationary black hole has no "hair" -that is, to become stationary, the black hole must shed its higher multipole moments through a process termed balding. In the E ≫ M D limit, this is an essentially classical process, which takes place on a characteristic time scale t ∼ R S . At the same time, the black hole should shed any charges carried by particles with large charge to mass ratios, through an analog of the Schwinger process; this is expected to include color and electric charge.
Thus, during balding, the black hole will emit gravitational and gauge radiation, and its charge. The result will be a spinning, uncharged Kerr black hole. The essentially classical balding process is very poorly understood at any level of detail -this is a place for future improvement, perhaps via numerical methods. An important question for the rest of the decay is the mass and spin of the resulting black hole, accounting for this "inelasticity." Since balding (minus the charge loss) is a classical process, a lower bound on mass is given by the trapped surface area as described above. Improved understanding of balding would also be useful to determine its contribution to experimental signatures.
Spindown phase. After balding the black hole is classically stable, but as predicted by Hawking, will continue to decay quantum-mechanically. A rotating black hole first decays by preferentially shedding its angular momentum, in spindown. The fourdimensional version of the process was studied long ago [23] . To calculate details of this process, one must calculate higher-dimensional Hawking emission rates, which depend not just on the well known thermality of the Hawking radiation, but also on detailed "gray-body" factors, that parametrize the effects of potential barriers for various modes near the black hole. This is a hard problem.
A basic parameter for higher dimensional black holes is the evaporation time scale,
Initial estimates for other parameters of spindown were made in [11] , based on extrapolations from the D=4 results [23] . (This phase was not considered in [12] .) There has been much subsequent work to actually calculate gray-body factors and provide more precise estimates ( [24, 25] and references therein), and we are nearing a more complete understanding of this phase. The rate of spin loss vs. mass loss is qualitatively similar to that in D=4, though with the more refined calculations, [25] claims that a black hole will lose over 50% of its mass during spindown. This is somewhat dependent on the rather arbitrary definition of the end of the spindown phase, but stresses the relevance of this phase. It is clearly important to better understand the details of spindown, and experimental features of black hole decay will depend on these details (uncertainties over bulk graviton emission [26, 27] also remain). One potentially important signature was pointed out in [11] : one might look for dipolar patterns characteristic of the black hole shedding its spin. Detailed study of spindown has also begun to reveal other important parameters, like improved estimates of the relative rates of emission of vector, spinor, and scalar particles. Apparently vector and spinor emission dominate. The resulting ratios can yield detailed predictions for hadron to lepton ratios, etc., improving rough estimates of [11, 12] . It is important for this program to be brought to completion, working out these and other specific signatures.
Schwarzschild phase. There has been greater focus on the details of this theoretically-simplest stage, where the black hole is non-rotating and decays via Hawking radiation. Power spectra, relative emission rates of different particle species, etc. are largely determined by the fact that such a black hole emits essentially thermally, at an instantaneous temperature determined by its mass:
and this yields estimates of relative multiplicities of decay products [11, 12] . However, as with spindown, there can be important corrections due to gray-body factors, which can now be calculated [24, 25] as opposed to estimated. Modifications to the thermal multiplicities include suppression of low-energy gauge boson emission and other corrections. Future improvements, which seem close to being within reach, are a full study of the evolution of the black hole through both the spindown and Schwarzschild phases, properly incorporating gray-body factors, and integrating over the evolution, in order to give detailed predictions for critical features such as the energy spectrum, total and relative multiplicities, event shape parameters (such as angular distributions), etc.
Planck phase. When the black hole reaches the mass scale M ∼ M D , all known physics breaks down and predictions cannot be made: this is the fully quantumgravitational realm. Conversely, to the extent to which we can see experimental signatures from this phase, we will learn about the dynamics of quantum gravity. This is thus the most interesting phase. One might in general expect emission of a few particles (or, if string theory is right, excited string states) with energies E ∼ M D and high transverse momenta. But who knows what surprises this phase might yield, if indeed it can be seen.
EXPERIMENTAL EXPECTATIONS
Production rates. The above discussion can now be assembled into a description of experimental expectations. The first question is how low the Planck scale could be. Different normalization conventions exist for this scale; for further discussion see [28] . The current treatment has adopted the convention of [29] (also used by the Particle Data Book), which differs from the definition of M p used in [11] by a factor:
this formula can be used to convert formulas in that paper. Current bounds, quoted for example at SUSY 2007 [30] are dimension-dependent but lie around
with similar expectations for warped compactifications such as the toy model of [6] or in string theory [7, 8] . Of course there are numerous theoretical difficulties in finding a complete model with such a scale, but we will take the viewpoint that the true Planck scale could lie in this vicinity and explore the consequences. For a given Planck mass, the next question is for what collision energies the M D /E expansion begins to yield reliable results. There are a number of possible criteria, many discussed in [11] ; this reference advocated that one particularly useful criterion is that the entropy of the black hole be large, so that a thermal approximation begins to make sense. A non-rotating hole of mass M has entropy
For example, for the representative values D = 6 and D = 10, a black hole with mass
has entropy S BH ≃ 24. Thus, a plausible threshold for semiclassical black hole effects could lie around 5M D . Next consider production rates. The rough cross section (4) can be improved by the results of [18, 20, 21] . One must account not only for the modification of the crosssection, but also for the fact that the inelasticity grows at increasing impact parameter, so one can drop below a threshold such as (10) at sufficiently large impact parameter. The trapped-surface calculations of [18, 20, 21] provide lower bounds on the mass of the black hole. In four dimensions and with zero impact parameter, such a trappedsurface bound gives M ≥ E/ √ 2 ≃ .71E. However, subsequent estimates of [31] raise the estimated mass to M ≈ .84E. While inelasticity was considered in [11] , its effects were underestimated based on these then state-of-the-art four-dimensional estimates - [18] revealed that inelasticity increases with dimension. Indeed, in the higher-dimensional situation, inspection of the figures in [21] show that the trapped-surface bounds are lower in higher dimensions. Analogs of the estimates [31] don't yet exist. 3 The trapped surface lower bounds of [18, 20, 21] can be roughly parametrized by a curve of the form
This parametrization follows from fig. 10 of [21] , for D = 10, with the cutoff taking into account a threshold of the form (10). For lower D this parametrization represents a significant underestimate. Moreover, as exemplified by the four-dimensional estimates [31] , one expects that the actual mass should be higher. Thus, for the purposes of making estimates, we will consider the following two "production efficiency curves:"
These very rough estimates have corrections of both signs; more precise calculations should be part of future work. With a black hole threshold of 5 TeV, the curves (12) correspond to a minimum parton CM energy of 8.3 and 7.1 TeV, respectively. By these energies, the parton distribution functions have fallen significantly. Total cross sections are readily estimated; the parameterizations (I) and (II) give us a parton cross section σ = πR 2 S /4 for partons above the critical energy. From these cross sections, calculations using the CTEQ6M parton distribution functions 4 yield:
These (still rough) estimates are significantly lower than the original estimates of [11, 12] , due to the substantial inelasticity revealed in the subsequent work [18, 20, 21] . This illustrates the great sensitivity of cross sections to the production efficiency curves, motivating their better understanding. Still, the estimates (I), (II) yield respectable rates: at the nominal LHC luminosity of 10 34 /cm 2 s, one black hole every ten minutes for (I), and one every minute for (II). However, such considerations also illustrate a narrowed parameter window where black hole production is possible, as has been stressed in [33, 32] .
Signatures.
To determine explicit and quantitative signatures, one needs to finalize the full integrated description of the evolution through the spindown and the Schwarzschild phases, including the important effects of gray-body factors, as described above. These results could for example be used in conjunction with event generators. Three such generators exist: TRUENOIR, CHARYBDIS, and Catfish. However, none of them properly account for spindown, which is an important feature of the decay [11, 25] . Thus significant work remains to be done.
Nonetheless, some rather striking qualitative signatures can be inferred [11, 12] . These include
• potentially large cross sections, approaching 10 3 fb or more (also an increase of cross section with energy, according to (4), which will be hard to see at LHC) • relatively high sphericity; • high multiplicity (∝ S BH ) of primary particles produced; • hard transverse leptons and jets, in significant numbers;
• approximately thermally determined ratios of species; • angular distributions characterizing the spindown phase;
• suppression of highest-energy jets [9, 11, 34] ; • decrease of primary final state lepton/parton energy with total event transverse energy, resulting from decreasing Hawking temperature with mass.
Some of these signatures may be most visible through multi-event statistics, particularly near threshold, where individual event multiplicities may not yield good statistics. (Indeed, [33] estimates multiplicity N ≈ S BH /3 -which should now be checked with improved gray-body calculations.) Cosmic ray production. Immediately after [11, 12] , it was realized that black holes should be produced in collisions of hadronic ultrahigh-energy cosmic rays with the atmosphere, whose CM energies range upwards of 100 TeV, but that the rate would be overwhelmed by QCD processes and thus be too low to be observable [28] . However, one expects such cosmic rays to interact with the microwave background and produce a flux of ultrahigh-energy GZK cosmic ray neutrinos. These could produce an observable rate of black hole events [35, 36, 37, 28] . In particular, the possibility of seeing such events at cosmic ray facilities such as AMANDA, Auger, IceCube, or others has now been widely investigated.
In particular, [33] argued that non-observation of such events with five years of Auger data could yield a bound M D > ∼ 2 TeV, and rule out production of semiclassical black holes at LHC. It will be interesting to keep an eye on this data. There are possible uncertainties in such a discussion; examples include arguments that neutrino fluxes can be suppressed in large extra dimension scenarios [38] and a proposal [39] that ν p → BH events could be suppressed by the physics preserving baryon number, and uncertainties over primary composition [40] . So, while we may be lucky enough to see hints from Auger, ultimately we should wait to see what LHC brings.
THEORETICAL ISSUES
Whether or not black hole production lies within reach depends on whether nature is able to realize a TeV-scale gravity scenario. Construction of such scenarios has been very challenging, but there has been a lot of progress and ongoing developments too numerous to review here. Ultimately, experiment will be the jury.
However, even if black hole production is not experimentally accessible, it is an extremely important theoretical problem, as it forces confrontation with our most profound theoretical issues. Notable among these is the black hole information paradox. 5 The basic statement of this paradox is that consideration of the fate of quantum information in the context of evaporating black holes apparently forces us to abandon a cherished principle of physics. The possibilities include abandoning unitary quantum-mechanical evolution, as originally suggested by Hawking [43] , with the apparent consequent disastrous abandonment of energy conservation [44] ; abandoning stability, as implied by a black hole remnant scenario, or abandoning macroscopic locality, in order that information can escape a black hole in Hawking radiation.
Nonlocality. There is not space here for a full discussion of the situation, but it is worth summarizing some highlights. First, an increasingly widespread belief, particularly in the string theory community, is that locality is not correct, and information escapes during evaporation of a black hole. There has been a great deal of discussion of this in this in the context of ideas such as the "holographic principle." However, if nonlocality is the answer to the paradox, it is very important to answer some basic questions, such as: 1) what is the mechanism for locality violation; 2) how is Hawking's original argument for information loss avoided and 3) in what contexts do semiclassical general relativity(GR) together with local quantum field theory(QFT) fail? One thing that would be very interesting is to properly establish the boundaries of a correspondence limit for the new physics, whether string theory or something else, that replaces GR+QFT.
An obvious possibility, widely considered by string theorists, is that such nonlocality has as its origin the nonlocal extendedness of strings. This possibility can be investigated precisely in the context of high-energy collisions. The result is recent arguments [15, 16] that high-energy scattering evidences nonlocal behavior, but there is no evidence of a role for string extendedness. Instead, it has been proposed [45] that nonlocality could emerge as an effect intrinsic to the non-perturbative dynamics of quantum gravity.
An important question is how precisely one can test the notion of locality. In QFT, locality is encoded in commutativity of local observables at spacelike separations. Diffeomorphism invariance, the gauge symmetry of gravity, implies that there are no such local observables. One can instead formulate certain "proto-local" observables [46, 47] , which are diffeomorphism-invariant objects that approximately reduce to local observables in appropriate limits. However, limits on when this reduction is possible include those from situations where gravity becomes strong, such as in formation of a black hole. Another test of locality is in the asymptotic behavior of scattering amplitudes at high energies. Behavior such as (4), and Hawking (thermal) decay amplitudes, violate the known useful criteria for locality such as the Froissart [48] and possibly CerulusMartin [49] bounds. Together, these statements suggest that there is no precise notion of locality in quantum gravity, and support the above statement that its breakdown is associated with non-perturbative gravitational dynamics.
This guides us towards parametrizing the correspondence limit where GR+QFT are expected to break down; one parametrization is in the form of the "locality bounds" of [45, 50, 51] . For example, one expects a Fock space description of a two-particle state consisting of minimum-uncertainty wavepackets with approximate positions x, y and momenta p, q to only be a good approximation to a complete quantum description when |x − y| D−3 > G|p + q| ,
where G is a constant proportional to the D-dimensional Newton constant. Another important question is how these ideas relate to the notion that there should be a good effective field theory description of the interior of a large black hole, which lies at the heart of Hawking's argument for information loss. It may be that new nonlocal effects in black holes are as invisible to the framework of GR+QFT as quantum effects are to a classical description of the atom. However, there are some initial indications otherwise [52] . In particular, a careful attempt to justify Hawking's derivation of information loss in an expansion in M D /E reveals an apparent breakdown of the calculation, at the long time scales where we would expect information to begin to escape a black hole; this is a proposed resolution to the information paradox. Whether or not this breakdown of a perturbative derivation of information loss is the ultimate rationale, a proposal is that information escapes a black hole through nonperturbative gravitational effects that only become important at long times [45, 52, 53] . These would not respect usual notions of locality.
These ideas should also be relevant in the cosmological context [53, 52, 51] , and may alter the picture that has led to conundrums of modern cosmology, such as the landscape and Boltzman brains. Such issues are under active investigation.
Without prejudicing the discussion in favor of string theory, an ultimate question in this direction is what are the basic principles of such a "nonlocal mechanics," providing the complete nonperturbative description of quantum gravity.
